Eukaryotic gene regulation is a complex process, often coordinated by the action of tens to hundreds of proteins. Although previous biochemical studies have identified many components of the basal machinery and various ancillary factors involved in gene regulation, numerous gene-specific regulators remain undiscovered. To comprehensively survey the proteome directing gene expression at a specific genomic locus of interest, we developed an in vitro nuclease-deficient Cas9 (dCas9)-targeted chromatin-based purification strategy, called "CLASP" (Cas9 locus-associated proteome), to identify and functionally test associated gene-regulatory factors. Our CLASP method, coupled to mass spectrometry and functional screens, can be efficiently adapted for isolating associated regulatory factors in an unbiased manner targeting multiple genomic loci across different cell types. Here, we applied our method to isolate the Drosophila melanogaster histone cluster in S2 cells to identify several factors including Vig and Vig2, two proteins that bind and regulate core histone H2A and H3 mRNA via interaction with their 3′ UTRs.
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CRISPR/Cas9 | reverse ChIP | histone regulation | gene expression T o fully understand the molecular mechanisms governing multiple steps in gene expression, including transcription and posttranscriptional regulation for a given gene, one must first identify the various protein factors involved in the process. Over the past 30 y, great progress has been made by conventional biochemical fractionation in isolating and characterizing some of the major regulators of gene expression, such as components of the basal-transcription machinery, activators/coactivators, chromatinremodeling complexes, and RNA-processing proteins, as well as factors influencing mRNA stability. Nevertheless, we still lack a detailed and comprehensive understanding of the coordinated molecular mechanisms controlling gene expression for the majority of genes (1) .
Genome-wide survey techniques, such as ChIP coupled to highthroughput sequencing (ChIP-seq), have substantially increased the scope of discovery in molecular biology. ChIP-seq allows the precise mapping and identification of many potential DNAbinding sites for a given regulatory protein in a cell population of interest. This unbiased genome-wide identification of protein DNA-binding sites provides researchers the ability to test regulatory functions at enriched sequences and, in doing so, to begin to understand the function of select regulatory proteins within the cell (2) . Although ChIP-seq is a powerful molecular tool in studying site-specific DNA-interacting regulators, it suffers from some significant shortcomings. Eukaryotic gene expression requires the coordinated activity of tens, if not hundreds, of proteins working in concert to ensure proper cell type-specific gene regulation (3) . Finding available and highly specific antibodies for each individual putative regulatory protein necessary for ChIP-seq experiments is challenging and remains a significant roadblock to studying many as yet undiscovered genomic control factors. Furthermore, ChIP-seq requires prior knowledge that the protein of interest may have regulatory functions within the nucleus. These challenges have made the discovery of a more complete "regulome" responsible for various stages of gene-expression control at specific genomic loci a difficult and experimentally arduous process.
One of the many essential loci for which our understanding of gene regulation remains stubbornly incomplete is the canonical histone gene locus, which exists as highly repetitive clusters of unique sequence in eukaryotic genomes (4) . As eukaryotic cells progress through the cell cycle, the doubling of the DNA content requires the rapid and coordinated synthesis of the linker histone H1 and the core canonical histone proteins H2A, H2B, H3, and H4, needed to efficiently package the newly synthesized DNA into histone-bound chromatin (5) . Mirroring DNA replication, histone protein synthesis is a tightly regulated process wherein histone mRNA levels increase by 35-fold as the cell enters S phase but is quickly degraded once this cell-cycle phase has completed (6) . The finely tuned maintenance of core histone levels throughout the cell cycle is crucial for proper gene regulation and cell health. For example, dysregulation of histone production leads to abnormal chromosomes and potential interference of histone methyltransferases and deacetylases (7) (8) (9) . Some aspects of canonical histone gene expression are well
Significance
Identifying proteins selectively associated with a genomic locus provides an important entry point toward understanding how a specific gene is regulated. Over the years, there have been several reports describing targeted chromatin-purification methods. However, none has been widely adopted due to the complexity and investment required for such protocols. Here, we present an adaptable chromatin purification system, CLASP, that capitalizes on the versatility of purified dCas9 RNA/protein complexes. We deployed CLASP to purify and identify proteins associated with telomere sequences in human cells as a proof of concept. Next, we targeted a different genomic locus, the Drosophila melanogaster histone cluster, and identified several regulators of the essential histone locus and validated their functional association with genes within the locus.
described, such as the role of stem loop-binding protein (SLBP) in splicing and degradation, multi-sex combs (Mxc) in recruiting premRNA-processing subunits, and the distinct roles of TATA boxbinding protein-related factor 2 (TRF2) and TATA box-binding protein (TBP) in regulating H1 versus H2A histone transcription, respectively (10) (11) (12) . However, the details of many other regulatory steps remain unknown. For example, what are the transcription factors (TFs) and chromatin regulators responsible for initiating transcription at the beginning of S phase? What is the mechanism of histone mRNA stability and degradation? Are there other proteins besides TRF2 that differentially regulate linker histone H1 from the core histone genes?
One approach to address these questions and to gain a more complete picture of the protein ensemble operating at the histone cluster (HisC) is to perform a reverse-ChIP analysis, where one isolates specific regions of the genome and characterizes the diverse repertoire of proteins associated with them (13) (14) (15) (16) . Over the last decade or so, multiple attempts at developing reverseChIP methodologies have been made by coupling some form of chromatin purification to mass spectrometry (17) (18) (19) (20) (21) (22) . However, these methods often require substantial effort in building complex transgenic cell lines de novo, and most lack robustness in identifying functionally relevant gene-specific regulators targeted to the gene locus of interest. Even proteomics of isolated chromatin segments (PICh), a more versatile reverse-ChIP method that uses a biotinylated oligo to hybridize with the region of interest, is relatively inefficient at isolating specific chromatin, suffers from a lack of adaptability and requires the user to substantially reoptimize the probe when targeting different sequences, thereby diminishing its usability to quickly target and troubleshoot multiple loci (23) (24) (25) . Thus, a need still exists for a locus-specific proteome purification method that is robust, scalable for high-throughput target screening, and easily adaptable to different cell types.
Here, we present a reverse-ChIP method, CLASP (Cas9 locusassociated proteome), that takes advantage of the RNA-mediated DNA-targeting capability of Cas9 to efficiently and adaptably isolate specific genomic regions and their associated protein factors. By using purified recombinant catalytically inactive Cas9 (dCas9)-guide RNA ribonucleoprotein (RNP) complexes, CLASP does not require specialized cell lines and can be easily prepared with different guide RNAs to target multiple loci in any cell line or tissue. As a test of this reverse-ChIP platform, we have employed this CLASP to identify factors involved in Drosophila melanogaster HisC gene expression. Our newly established method to purify the chromatin of the H2A/H2B promoter generated a list of chromatin-associated proteins through mass spectrometry. Further characterization of a subset of these potential HisC-associated factors identified proteins that regulate H2A mRNA expression and revealed how a set of related RNPs can modulate H2A expression.
Results
Development and Validation of an in Vitro dCas9 Purification Method.
To identify potential regulators of histone transcription, we first developed a method of reverse ChIP that utilizes the D10A/ H840A nuclease-deficient Cas9 (dCas9) RNP. dCas9 has proved a versatile tool in several contexts, including fluorescent imaging and epigenetic studies (26) (27) (28) (29) . Given that recombinant dCas9 binds in vitro targets with high stability and specificity, we employed it as a RNA-guided, DNA-targeting protein for an in vitro chromatin purification scheme that avoids the need for establishing customized transgenic cell lines (30) . The workflow of CLASP is as follows: (i) chemically crosslink the cells of interest; (ii) isolate chromatin and shear it to desired size; (iii) add the RNP complex consisting of recombinant dCAS9-3×FLAG and single-guide RNAs (sgRNAs); (iv) enrich for RNP-bound chromatin using anti-FLAG immunoprecipitation (IP); and (v) isolate chromatin for protein identification via mass spectrometry ( Fig. 1) .
We first validated the method by targeting telomere sequences in HeLa cells. These sequences are relatively abundant, comprising 0.01-0.07% of the genome, and many proteins that bind them are well characterized (23, 31) . Dot blot assays verified that telomeric DNA was enriched compared with nontargeting dCas9 IP, which targets a random sequence within the Escherichia coli genome and is not found in humans (Fig. S1A ). Both Western blotting and multidimensional protein identification technology (MudPIT) mass spectrometry results showed that proteins associated with the telomeric sequence such as TPP1, TRF2, and RAP1 were enriched after telomere-targeted purification. These results demonstrate that CLASP is suitable for targeted chromatin isolation (Fig. S1 B and C) .
Purification of the Drosophila HisC. To identify potential regulators of the D. melanogaster HisC specifically associated with the H2A/ H2B gene, we designed a series of guide RNAs that tiled the ∼5,000-bp unique sequences adjacent to the H2A/H2B promoter ( Fig. 2A) . The guide RNAs were designed specifically to bind outside the H2A/H2B promoter itself to avoid any potential dCas9 steric hindrance with promoter-associated factors ( Fig.  2A ). To rule out nonspecific dCas9 binding, the same nontargeting guide RNA used for the telomeric DNA pulldown was also used for the Drosophila nontargeting sample as a negative control (Table S3) . 
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5. Since HisC is transcriptionally active only during S phase, we synchronized Drosophila S2 cells with the two-block method of Ponasterone A and hydroxyurea, followed by a 2.5-h release (5, 11) . This synchronization method was efficient in generating Sphase cells: Up to 80% of the total population of cells could be isolated in S phase while not significantly affecting cell viability (Fig. S2) .
Using a combination of eight different sgRNAs ( Fig. 2A and Table S3 ), we performed a HisC-targeted CLASP starting with two billion synchronized S2 cells. qPCR analysis indicated that we achieved a significant enrichment of the promoter and the 5′ end of the H2A histone gene while avoiding off-target enrichment of other regions of HisC, including the H1 promoter (Fig.  2B ). After targeted chromatin purification and trichloroacetic acid (TCA) precipitation to isolate proteins, we used MudPIT mass spectrometry to analyze the specific and nonspecific proteins isolated by CLASP. With this initial sample, we identified 250 proteins unique to HisC-specific IP, 1,113 proteins common to both specific and nontargeting samples, and 239 proteins unique to the nontargeting IP sample (Fig. 2C ).
Identification of Potential Histone Gene-Expression Regulators. To narrow the list to a manageable number of potential candidates for functional validation, we utilized the Database for Annotation, Visualization and Integrated Discovery (DAVID) bioinformatics database and identified proteins associated with nucleic acids that also had a relative abundance (distributed normalized spectral abundance factor; dNSAF) ratio of 2 or greater over the nontargeting IP sample (32, 33) . Using these two criteria, we identified 17 potential regulators associated with the canonical histone genes with the first HisC purification (Fig. 2D) .
A replicate CLASP purification of the HisC also identified proteins with the Lis1 homology (LisH) motif. This result stood out because the LisH domain is found in Mxc, a protein that has been previously described as a transcriptional regulator of the Drosophila HisC (12) . In addition, the LisH domain has been shown to be important for Mxc function at the HisC (34). As expected, Mxc was one of the proteins enriched in the HisCtargeted sample with a LisH domain. In addition to Mxc, 7 of the 18 total LisH motif-containing proteins in the Drosophila proteome were also enriched, suggesting that additional proteins with LisH domains could play a role at the HisC (Fig. 2E) .
To validate whether some of the identified proteins have a functional effect on H2A/H2B gene expression, we performed dsRNA-mediated RNAi in S2 cells, isolated total RNA, and measured H2A mRNA levels relative to a reference gene via reverse-transcription qPCR. Of the 17 genes identified, multiple gene knockdowns altered the expression of H2A. However, we were interested in positive regulators of the histone locus, so we focused on the loss of CG11844, brahma, and vig, which all had a Table of proteins that showed a dNSAF ratio ≥2 between the first HisC-specific sample and nontargeting sample and that have an association with nucleic acids within the DAVID database.
(E) Table of proteins that were identified as having a LisH domain from the second HisC-specific pulldown and their relative abundance ratio in HisC-specific samples and nontargeting samples. A ratio of >999 indicates that the protein was not identified in the nontargeting sample in D and E.
negative effect on histone expression, suggesting they function either to activate H2A transcription or to prevent its mRNA degradation (Fig. 3A) . Interestingly, CG11844 is also known as "vig2," a paralog of vig in D. melanogaster (35) . The dsRNAknockdown assay was also performed on the eight LisH domaincontaining proteins. Not surprisingly, mxc knockdown showed a reduction in H2A mRNA levels. Interestingly, knockdown of Smu1 and mahj mRNA also showed significant reduction in H2A mRNA levels, suggesting a potential, hitherto un-documented, role for these two factors in regulating histone gene expression (Fig. 3B ).
Vig and Vig2 Are Histone RNA-Binding Proteins. vig and vig2 were previously identified as members of the RNAi complex in D. melanogaster (36, 37) . With most of the literature focused on their roles as part of the RNAi machinery, and one report on vig and vig2 knockouts affecting heterochromatin formation at the organismal level, previous studies gave little, if any, indication of potential Vig function at the Drosophila HisC (38) . Visualizing Vig and Vig2 localization in S2 cells by immunofluorescence also did not inform how these proteins might be affecting histone gene expression, as both are enriched and evenly distributed in the cytoplasm (Fig. S3) . However, the mammalian homolog of vig and vig2, SERBP1, has been previously described as encoding an RNAbinding protein that plays a role in regulating the stability of the RNA with which it interacts (39, 40) . Given SERBP1 function in mammalian cells, we hypothesized that Vig and Vig2 may specifically interact with H2A mRNA to control its stability and regulate histone gene expression posttranscriptionally.
To test this hypothesis, we generated S2 cell lines stably overexpressing either V5-tagged Vig (Vig-V5) or Vig2 (Vig2-V5) and performed an RNP IP via the V5 tag. By isolating the RNAs enriched from each protein IP, we can test whether certain RNAs specifically interact with the proteins of interest. Indeed, when we perform RNP IPs with Vig and Vig2, they both bound and enriched for H2A and H3 mRNA but not H1 mRNA. These results are consistent with what was known regarding their mammalian homolog, SERBP1, and as anticipated by their association with the HisC locus revealed by our dCas9-targeted CLASP pulldown (Fig. 4A) . Previous studies of SERBP1 identified an RGG box toward the C terminus of the protein as being necessary for binding to target mRNAs (39) . To test whether this holds true for the Drosophila homologs, we generated deletion mutants for Vig spanning the entire protein and performed RNP IP to check whether histone mRNA binding was disrupted (Fig.  4B) . As expected, only the deletion of the C terminus containing an RGG box-like motif led to a reduction in Vig binding to both H2A and H3 mRNA (Fig. 4B) .
Vig Binds to the 3′ UTR of H2A mRNA. Canonical histone mRNAs are structurally unique and highly regulated to ensure that histone production is tightly coupled to S phase (41) . The 3′ UTR of canonical histone mRNAs contain an evolutionarily conserved stem loop that recruits SLBP, which plays important roles in both the maturation and degradation of histone mRNAs (42) . To test which part of the histone mRNA Vig interacts with, we expressed Vig in E. coli, purified it with nickel-nitrilotriacetic acid agarose (Ni-NTA) and cation exchange chromatography, and used the recombinant Vig protein for RNA EMSAs (Fig.  S4 ). When combined with a H2A 3′ UTR probe, Vig efficiently bound and shifted the 3′ UTR probe in the presence of nonspecific competitor RNA (Fig. 4C ). In line with these results, ChIP experiments at the HisC also showed enrichment of Vig and Vig2 at the 3′ end of the H2A gene body (Fig. 4D) , providing further evidence for Vig interaction with the 3′ UTR of the H2A mRNA.
Discussion
Since its initial biochemical characterization in 2012, Cas9 has become a Swiss Army knife of molecular biology (43) . Here, we add to its versatility by coopting Cas9 as the targeting agent for a sequence-specific, in vitro chromatin purification method, CLASP. This versatile and convenient method allowed us to purify the HisC and identify five potential regulators of H2A gene expression, which we then validated by measuring loss-offunction effects on H2A transcript level in Drosophila cells (Figs. 2 and 3) .
Our most striking result was finding both Vig and Vig2 at the H2A/H2B gene region of the HisC, elucidating their previously unrecognized function in D. melanogaster. Vig was originally identified as a part of the RNAi complex, and studies in D. melanogaster focused on its role in gene silencing (36, 37) . Even less was known about the molecular function of Vig2, as publications were limited to a possible role in affecting global heterochromatin formation, along with Vig, and to the identification of Vig2 in the structure of the D. melanogaster 80S ribosome (38, 44) . The identification of SERBP1 as a mammalian homolog of Vig and Vig2 gave us a hint that these proteins might be binding and regulating histone mRNA (40) . With the CLASP data in hand, we indeed found that both Vig and Vig2 bind and regulate canonical histone mRNA by binding to its 3′ UTR (Fig.  4A) . The preferential targeting of Vig and Vig2 to H2A but not H1 mRNA is consistent with the differential timing of active transcription for these two genes during S phase, with H1 being transcribed throughout the S phase, while core histone genes are highly transcribed only toward the beginning of S phase (45) . Thus, Vig and Vig2 might be needed to protect the early transcribed H2A mRNA against degradation throughout the S phase. With more and more potential mRNA-binding partners being discovered for SERBP1 and its homologs, it is also possible that these proteins act to maintain mRNA stability for a wide range of targets. The identification of Mxc in our dCas9 HisC CLASP experiment served as an informative positive control, as it was previously described as a regulator of the Drosophila HisC. Unexpectedly, along with Mxc, seven other LisH domain-containing proteins out of 18 in the Drosophila proteome were enriched in the HisCspecific CLASP dataset. Knockdown of two potential regulators containing LisH motifs, Smu1 and Mahj, had a significant effect on H2A mRNA levels similar to the Mxc knockdown (Fig. 3B) . The LisH domain has been shown to be crucial for Mxc recruitment to the HisC, and because of its prominent role in dimerization, it is proposed that the LisH domain mediates Mxc assembly into an oligomeric network that provides a scaffold onto which other components of the HisC assemble (46-48). As both Mahj and Smu1 contain LisH domains, it will be interesting in future studies to determine whether these domains help recruit LisH proteins to the HisC.
Another interesting candidate that had an effect on histone gene expression was brahma. Being part of the SNF2/SWI2 nucleosome remodeling complex, Brahma is known to be crucial for RNA polymerase II transcription and euchromatin maintenance (49, 50) . Our preliminary data suggest that Brahma's wide-ranging effect also involves regulation of the HisC, as knockdown of Brahma causes a decrease in steady-state mRNA levels of H1, H2A, and H3 genes (Fig. S5) . Because Brahma's potential regulation of the entire HisC is reminiscent of a previously reported HERSmediated repression of the same region, it is tempting to speculate that they play opposite roles to ensure the proper formation of active and repressive chromatin at the histone locus during cellcycle progression (51).
Although we were gratified that CLASP uncovered several functionally relevant regulators of the HisC locus, we were surprised that none of the proteins selectively associated with HisC turned out to be classic sequence-specific DNA-binding TFs expected to control histone gene expression. We considered two potential explanations for this finding. First direct measurements by single-molecule tracking reveal typical RNA polymerase II TFs with cognate site DNA-binding residence times on the order of a few seconds to a minute (52) . Given the time scale of typical cross-linking protocols and the striking recent report on the artifacts of chemical cross-linking TF-DNA complexes, it seems likely that capturing bound TFs may pose a rather difficult challenge (53) . A further compounding problem is that TFs are often expressed at very low levels, and our CLASP procedure may not be sensitive enough to isolate and unambiguously detect such rare regulatory proteins. Although no classic sequencespecific TFs were identified, several components of the general transcription machinery were detected. Specifically, RPB1 and TFIIF were enriched in the HisC-specific pull-down samples, while TFIIB was found to be depleted (Dataset S2). The lack of TFIIB at HisC is consistent with our previous finding through imaging analysis and provides further evidence that HisC may require a distinct preinitiation complex (45) . Additional improvements in the efficiency and sensitivity of CLASP will be required to more comprehensively survey the full spectrum of the proteome associated with specific loci in the metazoan genome.
In conclusion, by developing CLASP, a versatile and experimentally tractable in vitro dCas9-targeted chromatin purification and locus-specific proteome isolation method, we identified regulators of the D. melanogaster HisC and determined their likely mechanism of modulating histone mRNA expression. In addition, the CLASP approach greatly increases our ability to experimentally screen for suitable reverse-ChIP regions within eukaryotic genomes (54) . This advantage also means that customized stable cell lines overexpressing Cas9 are no longer necessary and that purified Cas9/RNPs can be applied to chromatin purification from any cell line that can be grown in sufficient quantities. Although our analysis of the D. melanogaster HisC takes advantage of the HisC's intrinsic repetitiveness to increase the effective target concentration, single-locus chromatin purification and identification of regulatory proteins have recently been reported (19, 22) . We believe that, in the future, improvements of CLASP by coupling with in vitro biotinylation of an attached tag by recombinant BirA could provide a powerful approach to probe multiple single-copy genomic targets to identify interesting regulatory proteins (55) .
Materials and Methods
CLASP of D. Melanogaster HisC from S2 Cells. Two billion synchronized S2 cells fixed in 1% formaldehyde (16% MeOH-Free; Polysciences) for 15 min were resuspended in lysis buffer [50 mM Hepes (pH 7.9), 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Nonidet P-40, 0.25% Triton X-100], incubated on ice for 10 min, spun down, and washed with 10 mM Tris·HCl (pH 8.1), 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA. The cell pellet was rinsed with shearing buffer [0.1% SDS, 1 mM EDTA, 10 mM Tris (pH 8.1)]. Cells were sheared with a Covaris sonicator until HisC genomic DNA was visualized to be ∼150 bp by Southern blots. Chromatin was adjusted to NMNT buffer [10 mM Tris (pH 7.9), 500 mM NaCl, 5 mM MgCl2, 0.05% Nonidet P-40]. Chromatin was cleared with a hard spin (14,000 × g for 10 min) at 4°C and then diluted to 10 mL of NMNT buffer per 5 × 10 8 cells in starting material. Then 0.16 mg of dCas9-3×FLAG
was incubated with guide RNA at a 1:5 molar ratio for 1 h at 37°C, was added to chromatin mix, and was incubated at RT overnight. M2 agarose resin (Sigma) was added to RNP/chromatin mix at a ratio of 50 uL of resin per 500 million S2 cells in starting material and incubated at RT for 2 h. Resin was spun down at 2,200 rpm and washed four times with NMNT buffer using 500 uL of wash volume per 20 uL of resin. Then 0.32 mg/mL of 3×FLAG peptide in 0.1 M NaCl NMNT buffer was added to resin to elute for 2 h at RT with shaking. The eluted sample was separated from resin and used for subsequent experiments.
CLASP of Telomere Sequences from HeLa Cells. For CLASP of telomere sequences from HeLa cells, the same protocol as described above for HisC pulldown was used, except for the following changes: 500 million HeLa cells fixed at 1% formaldehyde for 15 min were used per pulldown, chromatin was sheared to ∼800 bp as visualized by agarose gel, and 0.18 mg of dCas9-3×FLAG fusion protein was used per 500 million HeLa cells in the starting material.
Purification of Recombinant Vig and dCAS9-3×FLAG Fusion Protein. dCAS9-3×FLAG fusion protein was cloned into pET302 NT-His vectors (Thermo Fisher) and transformed into BL21-Codon Plus RIPL-competent cells (Agilent). Bacterial cultures were induced at OD 0.6 for incubation at 18°C overnight with 0.3 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Cell pellets were lysed in lysis buffer [500 mM NaCl, 50 mM Hepes (pH 7.5), 5% glycerol, 10 mM 2-mercaptoethanol, 1% Triton X-100, 10 mM imidazole, and protease inhibitors]. Lysates were frozen at −80°C overnight and sonicated. Sonicated lysates were cleared by ultracentrifugation and incubated with Ni-NTA resin overnight at 4°C. Resin was then washed with 20× resin volume of 250 mM NaCl wash buffer [250 mM NaCl, 50 mM Hepes (pH 7.5), 5% glycerol, 10 mM 2-mercaptoethanol, and 25 mM imidazole] and eluted with 250 mM NaCl wash buffer + 250 mM imidazole. Peak elution fractions were pooled and applied to a POROS HS20 column (Applied Biosystems) and subjected to a linear gradient from 0.25 M to 1 M NaCl. Eluted fractions were analyzed by SDS/PAGE followed by PageBlue staining (Thermo Fisher). Peak fractions were pooled and dialyzed to 200 mM NaCl, 50 mM Hepes (pH 7.5), 5% glycerol, and 1 mM DTT. Samples were aliquoted and flash frozen for storage in −80°C. Recombinant Vig protein was purified in a similar fashion except the lysis buffer was composed of 25 mM Hepes (pH 7.5), 1 M NaCl, 10% glycerol, 0.05% Nonidet P-40, 0.4% Triton X-100, 0.08 mg/mL lysozyme, and 0.5 mM PMSF. Ni-NTA was washed with 40 resin volumes of 0.5 M NaCl lysis buffer and then with 10 resin volumes of 0.2 M NaCl lysis buffer. Proteins were eluted with 250 mM Imidazole in 0.2 M NaCl lysis buffer. Peak elution fractions were pooled, applied to a POROS HS20 column (Applied Biosystems), and subjected to a linear gradient from 0.2 M to 1 M KCl. Eluted fractions were analyzed by SDS/PAGE followed by PageBlue staining (Thermo Fisher). Peak fractions were pooled and dialyzed to 100 mM KCl, 20 mM Tris·HCl (pH 7.5), 10% glycerol, 0.01% Nonidet P-40, and 1 mM DTT. Samples were aliquoted and flash frozen for storage in −80°C.
RNA Isolation, Reverse Transcription, and Real-Time PCR Analysis. Total RNA was extracted and purified using TRIzol reagent (Life Technologies) according to the manufacturer's protocol. cDNA synthesis was performed with 1 μg of total RNA using the iScript cDNA Synthesis Kit (Bio-Rad) and was diluted 10-fold. Real-time PCR analysis was carried out with SYBR Select Master Mix for CFX (Life Technologies) using the CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Gene-specific primer sequences are provided in Supporting Information.
In Vitro sgRNA Transcription and Purification. The 19-bp targeted DNA sequence was inserted into the middle of a 58-bp primer behind a T7 promoter sequence (5′-TTAATACGACTCACTATAGNNNNNNNNNNNNNNNNNNNGT-TTTAGAGCTAGAAATAGC-3′). The custom primer was then used with a reverse template (5′-AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACG-GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC-3′) in a DNA polymerase extension reaction to generate a dsDNA template. The dsDNA template was used with the HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs) to generate ssRNA ∼100 bases in length. The reaction was DNase treated, and full-length RNA was purified by isolating the correct length after running on a denaturing polyacrylamide gel with 8 M urea.
MudPIT Mass Spectrometry and Analysis. The TCA-precipitated proteins were urea-denatured, reduced, alkylated, and digested with recombinant endoproteinase Lys-C (Promega) and modified trypsin (Promega) (56, 57) . In addition, one telomere reverse-ChIP sample was digested with Asp-N followed by GluC (Roche) after denaturation with 8 M urea, reduction with 5 mM Tris(2-carboxyethyl)phosphine (TCEP), and cysteine carbamidomethylation. Peptides generated by LysC/trypsin or AspN/GluC were loaded onto a 100-μm fused silica (Polymicro Technologies) capillary column packed with 3 cm of 5-μm reverse-phase C18 resin (Aqua; Phenomenex), 4 cm of 5-μm strong cation exchange resin (Luna; Phenomenex), and 8 cm of reverse-phase C18 resin. The loaded microcapillary column was placed in-line with a Quaternary Agilent 1100 series HPLC pump and a LTQ linear ion trap mass spectrometer equipped with a nano-LC electrospray ionization source (Thermo Scientific). Ten-step MudPIT mass spectrometry was performed on the ionized peptides as described (56) . MS/MS spectra were interpreted using SEQUEST (v. 27.9) on the human dataset (58) or ProLuCID (v. 1.3.3) on the fly dataset (59) and were searched against a nonredundant protein D. melanogaster database [National Center for Biotechnology Information (NCBI) 20 February 2013] containing 160 usual contaminants (human keratins, IgGs, and proteolytic enzymes). For the telomere samples, the spectra were searched against the human database (NCBI 25 March 2015) containing 160 usual contaminants and the dCas9 protein sequence. To estimate false discovery rates (FDRs), the amino acid sequence of each nonredundant protein was randomized. Peptide/spectrum matches were sorted and selected using DTASelect (60) with the following criteria set: spectra/peptide matches were retained only if they had a Delta CN score (DeltCN) of at least 0.8, and minimum cross-correlation score of 1.8 for singly, 2.0 for doubly, and 3.0 for triply charged spectra. Additionally, the peptides had to be minimum of seven amino acids in length and fully tryptic (except for the AspN/GluC-digested sample). Peptide hits from multiple runs were compared using CONTRAST (60) . The dNSAFs were used to estimate relative protein levels (61) . Mass spectrometry data will also be available after publication from the Stowers Original Data Repository at https://www. stowers.org/research/publications/libpb-1230. DAVID Bioinformatics Analysis. GenInfo identifiers were taken from MudPIT mass spectrometry results and converted to UniProt identifiers using UniProt ID mapping (www.uniprot.org/uploadlists/). UniProt identifiers were inputted into DAVID Bioinformatics Resources 6.8 (david.ncifcrf.gov/tools.jsp), and UP_KEYWORDS, GOTERM_BP_DIRECT, GOTERM_CC_DIRECT, GOTERM_MF_DIRECT, and INTERPRO annotations were used for functional clustering of the gene list.
Drosophila S2 Cell Culture and Synchronization. S2 cells were cultured in M3BPYE medium supplemented with 5% heat-inactivated FBS. Two confluent T150 flasks of Drosophila S2 cells were dissociated from the flask and cultured in a Wheaton double-sided arm spinner flask (Fisher) with 75 mL of M3BPYE medium with 5% heat-inactivated FBS. Cells were kept growing in suspension at a density of 1 million to 3 million cells/mL. To synchronize, 0.2 nM of Ponasterone A (Sigma) was added to the suspension culture. After 24 h, the S2 cells were spun down at 800 × g for 5 min, washed once with 1× PBS, and then resuspended in fresh medium containing 1.5 mM hydroxyurea (Sigma). After 18 h, the cells were spun down, washed with 1× PBS, and resuspended in fresh medium only. Cells were collected after 2.5 h in fresh medium.
S2 Cell
Immunofluorescence. Eighteen-millimeter coverslips were cleaned with methanol and ethanol washes and then were incubated with 0.01% polylysine solution in water for 15 min. Cells were grown on poly-lysine-treated coverslips until ∼70% confluency and then were fixed with 4% paraformaldehyde in 1× PBS for 10 min. The fixed samples were washed in 1× PBS, permeabilized with 0.5% Triton X-100 in 1× PBS, and blocked with 3% BSA in 1× PBS. Primary antibody was added to the samples in 1× PBS with 0.1% Triton X-100 and incubated at 4°C overnight. Samples were washed and incubated with Alexa Fluor 555 or Alexa Fluor 647 (Thermo Fisher) secondary antibody for 1 h at room temperature. The samples were then washed, briefly incubated with 300 nM DAPI, and prepped with ProLong Gold mounting medium (Thermo Fisher) for confocal imaging.
dsRNA Preparation and Drosophila S2 RNAi Knockdown Assays. dsRNA templates were generated by placing a T7 promoter in front of PCR primers against an exon region of the targeted gene and performing PCR. The resulting template was visualized and isolated by the QIAquick Gel Extraction Kit (Qiagen). One hundred nanograms of template DNA were used with the HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs). The reaction mixture was treated with DNaseI and purified using TRIzol reagent (Life Technologies) according to the manufacturer's protocol. Resulting RNA was resuspended in water, heated to 65°C for 30 min, and slowly cooled to RT to anneal and make dsRNA. S2 cells were resuspended in serum-free M3BPYE medium and cultured with dsRNA for 30 min at RT; 10% FBS M3BPYE (Sigma S8398) was added to get a final concentration of 3.75% FBS. Cells were incubated at 27°C for 72 h before TRIzol extraction for total RNA. Control dsRNA was made from the pBluescript sequence.
Vig and Vig2 IP and RT-qPCR. S2 cells stably expressing Vig-V5 and Vig2-V5 were dissociated from flasks, spun down, and lysed in lysis buffer [20 mM Tris·HCl (pH 7.5), 100 mM KCl, 5 mM MgCl2, 0.5% Nonidet P-40, 800 units RnaseIN/mL]. Lysates were incubated on ice and then spun down at 4°C to clear insoluble particles. One hundred microliters of supernatant were taken and added to anti-V5 agarose beads (Sigma) that had been blocked with 5% BSA and were resuspended in 900 uL of 1× NT2 buffer [50 mM Tris·HCl (pH 7.5), 150 mM NaCl, 1 mM MgCl2, 0.05% Nonidet P-40, 0.04 units RnaseIN/mL]. The mixture was rocked overnight at 4°C, and then resin was washed with 1× NT2 buffer adjusted to 200 mM NaCl. Twenty units of DnaseI (New England Biolabs) were added to the washed resin in 1× NT2 buffer with 150 mM NaCl and incubated at 37°C for 30 min. SDS was added to mixture to get a 0.1% final concentration, and the mixture was treated with 2.5 uL of Proteinase K (Thermo Fisher) at 56°C for 1 h. RNA was isolated by using TRIzol reagent (Life Technologies) according to the manufacturer's protocols. cDNA synthesis was performed with 50 ug of total RNA using the iScript cDNA Synthesis Kit (Bio-Rad) and was diluted 10-fold. Real-time PCR analysis was carried out with SYBR Select Master Mix for CFX (Life Technologies) using the CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Gene-specific primer sequences are provided in Supporting Information.
Propidium Iodide Stain and Cell-Cycle Analysis. Cells were collected, resuspended in 1× PBS, and fixed with ice-cold 70% EtOH for at least 2 h. The samples were then washed with 1× PBS, resuspended into propidium iodide (PI)/Triton X-100 solution (0.1% Triton X-100, 0.2 mg/mL Rnase A, 0.02 mg/mL PI in 1× PBS), and incubated at 37°C for 15 min. Fluorescence was detected using BD LSRFortessa (BD Biosciences).
